The growth of multi-walled carbon nanotubes (MWCNTs) has been extensively studied using electron microscopy. The ex situ structural behavior was examined to investigate the growth of the MWCNTs under different environments and pressures using electron microscopy. The arc discharge plasma technique was applied to synthesize the MWCNTs by evaporating carbon through the arc plasma between two cylindrical graphite rods, with a background pressure of 10 −2 to 10 2 mbar, inside a vacuum chamber under different ambient environments. The results showed that long MWCNT structures were successfully grown. We suggest that the mechanism involves: (i) fullerene formation; (ii) the elongation of fullerenes; and (iii) the growth of MWCNTs. Agglomeration with other structures then forms MWCNT bundles. We note that the pressure and environment in the vacuum chamber can affect the structure of the MWCNTs.
Introduction
Carbon nanomaterials will have numerous applications in future technologies due to their extraordinary electrical, thermal, and mechanical properties, which make carbon nanomaterials one of the most commonly studied materials. Carbon nanotubes mostly grow at high temperatures of up to 2000 • C. The routes of carbon nanotube formation could be initiated pyrolytically in the gas phase or catalytically, with the catalyst supporting growth. The pyrolytic route involves the bottom-up organic approach, using, for example, benzene [1] , coal, [2] and vapor-grown carbon fibers [3] to grow MWCNT structures. The catalyst-assisted growth of MWCNTs is used to essentially control the height and diameter of the carbon nanotube. Arc discharge plasma was the first method to synthesis the carbon nanotube [4] . This method applies an electrical breakdown between two graphite electrodes inside a vacuum chamber that is normally filled with hydrocarbon or inert gases. Arc discharge plasma is one of the most effective techniques for growing carbon nanotubes and other materials, including graphene [5, 6] , as it provides a fast process with a large-scale production of MWCNTs [7] . Using the arc discharge plasma method to grow MWCNTs can possibly be done in both ways, either using a catalytic approach [8] , by inserting a catalyst (usually metal) into a hollow anode, or using non-catalytic [9] approaches. It is important to understand the growth mechanism of carbon nanotubes and their structural behavior in order to exploit the full potential of MWCNTs based on the electron microscopy technique, because the large clusters evolve from the building block of the small cluster.
Formation of Long MWCNT Structures
The growth of MWCNTs using the arc discharge plasma method is strongly dependent on the ambient environment, as the residual gas significantly contributes to the kinetics of carbon ions. This phenomenon occurs once a plasma reaction has been sustained and the collision between ions is greatly influenced by the background environment. The background pressure of the plasma is also persistently responsible for cooling down the carbon ion that is massively ejected from the plasma to form the nanostructure. By referring to the micrograph images captured for the MWCNT samples that were obtained from different environments, we could identify the growth behavior of the MWCNT structures along with the other carbon nanostructures that were formed during the synthesis process.
The growth behavior of MWCNTs in the air environment, examined under transmission electron microscope (TEM), is shown in Figure 1 . During the arc discharge process carried under the air environment, clear MWCNTs were preferentially obtained. For the discharge process carried out at a preferentially low-pressure environment of 10 −2 mbar, long and straight MWCNT structures of up to few µm in length had grown. The TEM image depicted in Figure 1 shows a long carbon nanotube structure grown by encapsulating a small carbon nanotube. In order to understand the structural formation, we have to understand the formation of the smallest carbon cluster, before getting to the biggest one. It begins with the recombination of carbon atoms bound in the form of closed, three-dimensional cages, known as fullerene, or also sometimes called "buckyball", in the plasma periphery, which is the cold region where the charged particle is recombined and neutralized [10] . The grown lightweight fullerene freely floats around the region between the inter-electrodes, far from the arc plasma setup where plasma formation is favored. By the time the fullerene gets close to the MWCNT, the tip of the MWCNT, which is highly positively charged at a high temperature [11] , is easily attracted to the fullerene, which is negatively charged [12] , thus recombining with the MWCNT body. This phenomenon is captured in Figure 2 , which shows the attachment of the fullerene to the tip of the MWCNT. The fullerene then keeps growing, and elongates to form a small-structure MWCNT. As time passes by, the outermost large-structure MWCNTs cover the small-structure MWCNTs with a new layer of carbon, which eventually encapsulates the small-MWCNT structure. This proves that the long tube structure had evolved, due to the combination of the small tube structures that were ultimately wrapped and formed long tube structures, as depicted in Figures 1 and 2. 
Growth Mechanism of MWCNT Structures
Several mechanisms of MWCNT growth have been proposed, including root-based growth [13, 14] ; fluidized-state growth, which can be represented by the Arrhenius-type plot [15] ; and tip growth [16] [17] [18] . In this study, we believe that the MWCNTs grew from the fullerene base structure, based on evidence shown in the microscopic images that we obtained. The study showed that upon reaching the activation energy, the growth rate of the carbon nanotube was conceivably independent of the diameter and chiral angle [19] .
The growth of MWCNT potentially starts from the formation of the fullerene itself, as the enormous formation of fullerene structures on the side of MWCNTs. The base (some prefer substrate) plays an important role, as it acts as an anchor for the early stage of growth for the MWCNT [20] . The first possibility is the growth of a few layered MWCNT structures, which potentially start from the base growth method, which uses the tip of the end-cap fullerene as the base. The feeding of the carbon ion emerges from evaporating the arc plasma into the fullerene cap, then evolving, layer by layer, from the outer wall of the MWCNT structure until, at a specific circumference, the growth stops to form a small MWCNT structure. This process is repeated until it forms a chain of small MWCNTs. When the growth of the MWCNT chain is limited, the enriched carbon ion again surrounds it, then wraps around the chain and forms a long MWCNT structure, as shown in Figure 3 . The TEM image in Figure 3 shows a view of the intermediate process in the formation of MWCNTs, where the multiple layers of fullerene start to elongate to form a tubular structure. The image clearly shows that the outermost layer of fullerene elongates faster than the innermost layer. This is to ensure that the innermost layer will maintain the tubular structure in order to form the MWCNT. The phenomenon of fullerene elongation is illustrated in Figure 4 . The second possible explanation of the MWCNT growth structure is that it forms at the base of the graphene layer. Fullerene growing from the plasma falls into the graphene layer. Later, this will become the growth base of the MWCNTs structure as the fullerene continues to increase in length due to the deposition of carbon ions and radicals that emerged from the plasma into the body. This relation can be seen on the TEM image depicted in Figure 5 and illustrated in Figure 6 . The growth of MWCNT on graphene was reported in [21] , using the chemical vapor deposition (CVD) method, even though it requires a long synthesis period. The third possible route for the growth of MWCNTs is the formation and elongation of fullerene floating in the air. When the carbon ion combined to form the C 60 fullerene, the seeding of the carbon ion at the fullerene surface led to the formation of a tubular structure. By interval time, the MWCNT continued to grow in terms of layers and length. The MWCNTs that formed in the floating air as the tube were extremely lightweight and can be driven by the change of pressure in the environment. The tip of the MWCNT cap was highly active as discussed in an earlier section, which can cause bonding with other structures. This can happen when many of the MWCNT structures float and are driven by the hydrodynamic pressure of plasma into certain areas. After this, the MWCNT will bind together and form a bundle of MWCNT. This phenomenon was captured on the TEM and field emission scanning electron microscope (FESEM) images shown in Figure 7 and illustrated by the concept chart in Figure 8 . Figure 9 shows the MWCNT structure synthesized by the arc discharge plasma technique with different background pressures. The growth phenomenon of the MWCNT change according to the environment is simplified in the chart presented in Figure 10 . In the air environment with no other gases introduced into the chamber, the trend was clear and the carbon nanotube length was limited under low background pressure (10 −2 mbar). However, as the ambient pressure increased, the formation of the MWCNTs-on-graphene was more favorable. When the background pressure rose to 10 2 mbar, the formation of the long carbon nanotube structure progressed closer to 600 nm.
Pressure-and Environment-Dependence of the Growth of the MWCNT Long Structure

Structural Changes with Different Background Pressures
Based on the TEM analysis, it was found that the inner walls tended to build up greater in the hydrogen environment, compared to the other environments. The inner and outer diameters of the carbon nanotubes played a crucial role in the growth of the MWCNT structure when the inner tube maintained the structure of the MWCNT. Meanwhile, the outer layer took precedence over the inner layer and formed a multi-layer structure according to the density function theory (DFT), as calculated in [22] . It was observed that a lesser amount of MWCNT formed under a low background pressure (10 −2 mbar) of hydrogen compared with the high background pressure of 10 2 mbar.
Inert gases are mostly used as a buffer gas in MWCNT formation [8, 23] , as it is favorable to sustaining the ignition of the arc plasma and avoiding the reaction during the formation of the carbon nanocluster. In this study, according to the TEM image captured, the formation of the MWCNT tended to increase in diameter (as well as in the number of walls formed) within an increment of background Ar with pressure from 10 −2 to 10 2 mbar, as shown in Figure 8d -f. Under low background pressure (10 −2 mbar) most of the carbon structures formed were amorphous (non-ordered), while at 1 mbar pressure, MWCNTs formed and agglomerated with other carbon nanomaterials, including graphene and fullerene, as depicted in Figure 11 . 
Materials and Methods
The carbon nanomaterial sample was grown by establishing the arc plasma between two graphite rods inside a vacuum chamber. The pressure inside the chamber was reduced to the base pressure of 10 −5 mbar before introducing Ar and H 2 gas. An air environment enriched with 70% of N 2 gas also was applied for comparison.
The discharge process initiated by the contacting anode and cathode terminal of the graphite rod is shown in Figure 12 . The arc discharge was carried out with a voltage 12 V and a current of 90 A. An external magnetic field with a field strength of 30mT was applied to sustain the arc discharge process by the magnetic confinement phenomenon. The carbon nanomaterial was collected from the cathode and the chamber. The collected carbon nanomaterial samples were analyzed using transmission electron microscopy and field emission scanning electron microscopy. 
Conclusions
The study of the MWCNT growth using the arc discharge plasma method used the TEM technique reveal that the formation of the MWCNT could occur in several way: (i) formation of long MWCNT structures by encapsulating the small structure of the MWCNT chains; (ii) fullerene lies on the graphene layer and becomes a substrate for growing the MWCNTs; and (iii) formation of the MWCNT in the cold plasma region, with the MWCNT stacking together to form MWCNT bundles. This study showed that the anchoring and elongation of fullerene in certain areas acts as a seed to form the tubular tube structures known as MWCNTs. The background environment and pressure play a crucial role in forming the carbon nanoclusters, especially the carbon nanotubes, and the background environment and the pressure should be at a certain level, especially at high pressure (10 2 mbar) in H 2 , Ar, and air. The formation of the MWCNTs was not favorable at a low H 2 pressure (10 −2 mbar) and Ar pressure (1 mbar), as it contained a lot of nanoclusters and disrupt the lengthening of the tube. Therefore, it is important to develop an understanding of the formation of small carbon clusters that steer into the formation of the superior structure of the carbon nanotubes. 
